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Abstract. We study the electronic and magnetic properties of L10 phase of FeNi,
a perspective rare-earth-free permanent magnet, by using a combination of density
functional and dynamical mean-field theory. Although L10 FeNi has a slightly
tetragonally distorted fcc lattice, we find that magnetic properties of its constituent Fe
atoms resemble those in pure bcc Fe. In particular, our results indicate the presence
of well-localized magnetic moments on Fe sites, which are formed due to Hund’s
exchange. At the same time, magnetism of Ni sites is much more itinerant. Similarly
to pure bcc Fe, the self-energy of Fe 3d states is found to show the non-Fermi-liquid
behavior. This can be explained by peculiarities of density of Fe 3d states, which has
pronounced peaks near the Fermi level. Our study of local spin correlation function and
momentum dependence of particle-hole bubble suggests that the magnetic exchange
in this substance is expected to be of RKKY-type, with iron states providing local-
moment contribution, and the states corresponding to nickel sites (including virtual
hopping to iron sites) providing itinerant contribution.
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1. Introduction
Growing demand in recent decades for high-performance permanent magnets and
deficiency of rare-earth elements have stimulated an active search of new rare-earth-
free magnets. One of the promising materials is ordered L10 phase of FeNi, which was
first discovered in 1962 during the neutron irradiation of disordered FeNi alloy [1]. Later,
samples of L10 FeNi were found in meteorites, and this phase was named tetrataenite
after its tetragonal crystal structure and Fe-Ni alloy taenite, also found in meteorites.
Formation of tetrataenite in meteorites occurs due to extremely slow cooling (∼0.1 K per
million years) at a temperature of about 600 K. Above this temperature the tetrataenite
becomes metastable up to the Curie temperature of 823 K [2,3]. Therefore, an artificial
synthesis of its significant amount is challenging. In this respect, a successful fabrication
of well-ordered film [4, 5], bulk [6] and single-phase powder samples [7] was recently
reported.
Tetrataenite has been extensively studied experimentally in the meteorite [2,3,8,9]
and artificially synthesized [1, 4–6, 10–13] samples, that helped to clarify its magnetic
properties and their dependence on structural parameters [4, 12]. In contrast to the
disordered Fe-Ni alloys, tetrataenite can be classified as a hard magnet due to large
coercivity of more than 500 Oe [2, 8]. Other characteristics of tetrataenite are also
comparable to those of rare-earth-based magnets. In particular, it has a high Curie
temperature of 823 K [3], a saturation magnetization of ∼1270 emu/cm3 [10], and the
theoretical magnetic energy product of ∼42 MG Oe [2], which is close to that of Sm-Co
and Nd-Fe-B magnets.
The tetragonal L10 structure of FeNi is of AuCu-type and characterized by
chemical ordering, in which Fe and Ni monolayers are alternating along the c-axis
(see Fig. 1). Although tetrataenite does not contain heavy elements, such as 4d or 5d
transition metals, the tetragonal distortion serves as a source of large magnetocrystalline
anisotropy [10]. The distortion c/a = 1.007 in terms of face-centered unit cell parameters
is however small; a transformation to body-centered cubic (bcc) lattice requires much
smaller c/a = 1/
√
2 in the same notations.
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Figure 1. Crystal structure of the L10 phase of FeNi. The figure was prepared with
the VESTA program [14].
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Theoretical studies of L10 FeNi have been performed mainly within density
functional theory (DFT). These studies addressed the origin of magneto-crystalline
anisotropy [15] and its dependence on the chemical disorder [16, 17], which was shown
to reduce both the Curie temperature and magnetic anisotropy energy (MAE) [17–19].
The latter appeared to be quite sensitive to the approach employed and computational
details [20]. Interestingly, Izardar et al found that certain configurations with partial
disorder have a larger MAE than the perfectly ordered L10 structure [17]. Moreover,
the phase stability in FeNi was also considered using DFT calculations [19, 21–23]. In
particular, Tian et al obtained an accurate estimate of the order-disorder transition
temperature Tod by taking into account configurational and vibrational degrees of
freedom [19]. The Curie temperature and Tod were also found to be affected by lattice
expansion [23].
The DFT alone, however, has difficulties in description of electron correlations,
which were shown to play an important role in iron [24–30], nickel [28–30], and their
alloys [29–31]. An accurate treatment of local spin dynamics and many-body effects,
which can be especially relevant at finite temperatures, is provided by a combination
of DFT and dynamical mean-field theory (DMFT) [32]. This combination, called
DFT+DMFT [33], was recently applied by Benea et al to describe the Compton profile
spectra of ferromagnetic L10 FeNi [34]. This study has demonstrated the limitation
of local spin-density approximation in the low momentum region, where the local
dynamical correlations were found to be essential for description of the experimental
spectra. These results obtained for ferromagnetic state show the importance of further
studying the correlation effects in L10 FeNi.
In this paper we explore the electronic and dominating magnetic correlations, as well
as the formation of local magnetic moments in tetrataenite by DFT+DMFT approach.
To this end, we artificially switch off the spin polarization below the calculated Curie
temperature. This approach allows us to trace the presence of well-localized magnetic
moments on Fe sites, similarly earlier consideration of alpha- [24–26], gamma- [35], and
epsilon-iron [36]. At the same time, we find that magnetism of Ni sites is much more
itinerant. We assume that the local magnetic moments further order magnetically due
to magnetic exchange, which, as we argue, is most likely of RKKY-type. We also find
that electronic and magnetic properties of constituent Fe atoms resemble those in pure
bcc Fe, that can be explained by peculiarities of density of Fe 3d states, which has
pronounced peaks near the Fermi level.
2. Method and computational details
We employ a fully charge self-consistent DFT+DMFT approach [37] implemented
with plane-wave pseudopotentials [38, 39]. The Perdew-Burke-Ernzerhof form of GGA
was considered. We adopt the experimental lattice constants a = b = 3.582 A˚ and
c = 3.607 A˚ [8], corresponding to the face-centered tetragonal (fct) latice, with four
atoms per unit cell. Nevertheless, our calculations were performed for an equivalent but
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Figure 2. Total (a) and orbital-projected (b,c) density of 3d states obtained
by non-magnetic DFT (a,b,c) calculations in comparison with DFT+DMFT (a) at
temperature T = 1160 K. The Fermi level is at zero energy.
more compact unit cell of two atoms, that corresponds to a body-centered tetragonal
(bct) lattice with a′ = a/
√
2 and c′ = c. The integration in the reciprocal space was
carried out using 10×10×10 k-point mesh. Our DFT+DMFT calculations explicitly
include the 3d, 4s and 4p valence states, by constructing a basis set of atomic-centered
Wannier functions within the energy window spanned by the s-p-d band complex [40].
We perform DMFT calculations with the Hubbard parameter U ≡ F 0 = 4 eV, the
Hund’s coupling JH ≡ (F 2 + F 4)/14 = 0.9 eV for both Fe and Ni, where F 0, F 2, and
F 4 are the Slater integrals. These values are in agreement with estimates for elemental
iron [41]. We also checked that considering U = 3 eV for Ni as well as for both Fe
and Ni does not qualitatively affect the results. We use the fully localized double-
counting correction, evaluated from the self-consistently determined local occupations,
to account for the electronic interactions already described by DFT. We also verified that
the around mean-field form of double-counting correction leads to similar results. The
impurity problem was solved by the hybridization expansion continuous-time quantum
Monte Carlo method [42] with the density-density form of Coulomb interaction. To
compute the density of states, we perform the analytical continuation of self-energies to
real-energy range by using the Pade´ approximants [43]. In our calculations we switch off
the spin polarization by assuming spin-independent self-energy, except for calculation
of uniform magnetic susceptibility, which is computed in the paramagnetic phase to
extract the Curie temperature of the considered substance.
3. Results and discussion
First we present the density of 3d states (DOS) in figure 2(a). Interestingly, the DOS for
both constituents shows a significantly different behavior near the Fermi level comparing
to pure fcc Fe and Ni. In particular, the DOS for Fe in FeNi has a broad peak in the
vicinity of the Fermi level, with a maximum located ∼0.4 eV above it. The peak
resembles that in bcc Fe (see Ref. [24]), where it originates from the eg states. By
contrast, in fcc Fe the peak is much smaller and is located below the Fermi level [35].
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Figure 3. Imaginary part of electronic self-energy on Fe (left part) and Ni (right part)
sites as a function of imaginary frequency iν obtained by DFT+DMFT at temperature
T = 580 K.
The van Hove singularity formed by the t2g states in pure fcc Ni [29] is absent in the
DOS of Ni constituent, which has only a small peak at ∼0.2 eV below the Fermi level.
At the same time, a satellite structure at about −6 eV, observed experimentally in pure
Ni [44], is also present in L10 FeNi. In both materials, the DFT alone does not reproduce
this satellite originating from many-body effects.
The orbital-projected DOS presented in figure 2(b,c) shows that the wide peak in
Fe DOS consists of contribution from all states except that of x2−y2 symmetry. By
contrary, in Ni DOS only the x2−y2 states form a peak slightly below the Fermi level.
In figure 3 we display the imaginary part of electronic self-energy Σ(iνn) as a
function of fermionic Matsubara frequency νn. For Fe atoms, only the self-energy
for x2−y2 states has a Fermi-liquid-like form, but indicates a small life-time of
quasiparticles, which is inverse proportional to ImΣ(iν → 0). At the same time, all
other states show the non-coherent behavior, which is similar to that of eg states in bcc
Fe [24–26], due to the above mentioned peaks of the DOS. The non-Fermi-liquid behavior
is not observed in calculations with JH = 0, that indicates an important role played by
the Hund’s exchange. The behavior of self-energies for Ni atoms is completely different
than that for Fe sites, namely, similarly to pure Ni [29], all Σ(iνn) have a Fermi-liquid
form with small quasiparticle damping, indicating a presence of long-lived quasi-particles
with average mass enhancement factor m∗/m = 1.23.
Next we calculate the uniform magnetic susceptibility, which shows Curie-Weiss
behavior (see figure 4). The dominant contribution to uniform susceptibility is provided
by Fe sites, while the Ni sites contribution is subleading. The Curie temperature,
extracted from the linear extrapolation of inverse susceptibility is TC ≈ 1750 K.
Counting two times overestimation of the Curie temperature due to the Ising symmetry
of Hund’s exchange and mean-field approximation (see Refs. [29,45]), we find expected
Curie temperature ∼850 K, which agrees well with the experimental data.
Local static susceptibility χloc = 4µ
2
B
∫ β
0 χloc(τ)dτ , where χloc(τ) = 〈Sz(τ)Sz(0)〉,
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also shows Curie-Weiss behavior (see inset of Fig. 4) with negative Weiss temperature
Tloc, which absolute value corresponds to the Kondo temperature TK up to the numerical
prefactor of order of one [46–48]. Similarly to bcc iron, the contribution of Fe sites is
characterized by small TK, showing well-formed local moments. On contrary, Ni sites
are characterized by rather large Kondo temperature TK, i.e. absence of local moments,
which is in line with the Fermi-liquid-like self-energies for these sites.
The imaginary time dependence of the dynamic susceptibilities χloc(τ) = 〈Sz(τ)Sz(0)〉
is shown in figure 5, together with the real part of χloc(ω), obtained by Fourier transform
and analytical continuation to real frequency ω using Pade´ approximants [43]. Fe sites
are characterized by the finite broad plateau in the time dependence and sharp peak in
frequency dependence, which confirms existence of well-defined local magnetic moments
on these sites. The local moments disappear with switching off Hund’s exchange, that
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Figure 4. Temperature dependence of inverse uniform (main panel) and local (inset)
magnetic susceptibility calculated by DFT+DMFT. The straight lines depict the least-
squares fit to the linear dependence.
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Figure 6. Momentum-dependence of the particle-hole bubble and its partial
contributions from Fe and Ni sites obtained within DFT (top panel) and DFT+DMFT
(bottom panel) at temperature T = 1160 K.
shows explicitly that the obtained peculiarities of magnetic properties of Fe sites are the
characteristics of Hund’s metal behavior [49]. At the same time, Ni sites have almost
vanishing correlation function at finite imaginary times τ ∼ β/2, and absent peak of
the frequency dependence, independently of Hund’s exchange, showing once more the
absence of local moments on these sites.
Finally we consider the particle-hole bubble (irreducible static non-uniform
magnetic susceptibility)
χ0q = −
2µ2B
β
∑
k,νn,i,j,m,m′
Gim,jm
′
k (iνn)G
jm′,im
k+q (iνn), (1)
where Gim,jm
′
k (iνn) is the one-particle Green function for d-states obtained using
the Wannier-projected Hamiltonian, i, j and m,m′ are the site and orbital indexes,
respectively.
One can see (Fig. 6) that χ0q has its maximum at Γ point (q =0), implying
that ferromagnetism is favoured in both DFT and DMFT approaches. However, this
maximum appears mainly because of the mixed Fe-Ni contributions. At the same
time, the contribution of iron sites does not favour ferromagnetism in DFT, and is
almost momentum-independent in DMFT, similarly to bcc iron [25]. For L10 FeNi
the latter weak momentum dependence occurs since electronic states, corresponding to
major part of Fe orbitals (except x2−y2), show the non-Fermi liquid behavior, and the
main contribution to non-uniform susceptibility in DMFT is provided by mixed Fe-Ni
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part. This is similar to the mixed t2g-eg contribution to particle-hole bubble in bcc
iron [25, 26], with t2g states being more itinerant, while eg states being more localized.
Since momentum dependence of particle-hole bubble can be related to the magnetic
exchange [25,26], from these findings one can expect RKKY-type of magnetic exchange
in L10 FeNi, with the states corresponding to nickel sites (including virtual hopping
to iron sites) providing itinerant contribution and iron states providing local moment
contribution.
We have verified that the results without tetragonal distortion are qualitatively
similar to those including it, so that the role of the distortion in the considered compound
is mainly to introduce the magnetic anisotropy.
4. Conclusion
Our DFT+DMFT study of L10 FeNi has revealed that magnetism of Fe and Ni sites
is completely different. The former is characterized by well-defined local magnetic
moments, which appear due to Hund’s exchange, while the latter is much more itinerant.
Although the crystal structure is close to the fcc one, the localized magnetism and
behavior of self-energy of Fe sites resemble those in pure bcc Fe. This can be explained
by presence of peaks in the DOS near the Fermi level in L10 FeNi, similar to that in eg
states of bcc Fe.
The estimated Curie temperature agrees with the experimental data, up to the
factor of two, which appears because of considering Ising symmetry of Hund’s exchange
and limitations of dynamical mean-field theory. The high Curie temperature of
tetrataenite can be explained by large DOS at the Fermi level, which, according to
the Stoner criterion, leads to the strong ferromagnetic instability. In this respect,
tetrataenite is quite similar to elemental (bcc) iron, also having large DOS at the Fermi
level due to nearby peaks.
The calculated local magnetic susceptibility confirms different magnetic behavior of
Fe and Ni sites. The obtained momentum dependence of particle-hole bubble suggests
that the magnetic exchange in L10 FeNi is of RKKY-type, with iron states providing
local-moment contribution, and the states corresponding to nickel sites (including virtual
hopping to iron sites) providing itinerant contribution.
Therefore, L10 FeNi is a good candidate for rare-earth-free magnets. Further
studies (e.g., its doping/alloying) may find the way for its better phase stability. The
search of other rare-earth-free magnets will also allow one to achieve better performance
characteristics, such as coercive force and magnetic energy product. Both theoretical
and experimental investigations of such magnets have to be performed.
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